Ornamental stones, such as marble and granite, are worldwide used as pavement cover and lining parts in civil construction. Dwindling deposits and environmental pollution, due to extraction methods, have motivated the replacement of natural ornamental stones by synthetic ones. In particular, artificial ornamental stones are being developed with mineral wastes incorporated into polymeric matrix. In this work, granite particle waste, from a quarry, which supplies plates for building construction, was used in amounts of 85 and 90 wt % together with epoxy resin to fabricate novel artificial stones. Physical and mechanical characterization disclosed superior properties that allow these new developed artificial stones to be applied as pedestrian traffic pavements.
Introduction
The reuse of industrial residues is attracting interest for research and development of novel materials. In particular, mineral residues that are commonly discarded in the environment are today considered as relevant sources of raw materials 1 . The increasing amount of these residues, treated as worthless wastes, due to inefficient technological management, is causing worrisome pollution. In most cases, inorganic mineral wastes have a valorization potential associated with both energy saving and development of new produts [1] [2] . A typical case is that of ornamental stone production. These stones, such as marble and granite, are produced as plates in mineral quarries by explosion, sawing and polishing methods that generate a considerable amount of fragments with different sizes 3 . Larger fragments with particle size greater than 3.2 mm, are classified as pebbles and commercialized for concrete fabrication. By contrast smaller particles are considered wastes and thrown away from the operational industrial area.
In Brazil, the environmental impact caused by the wastes from queries is becoming a relevant issue and demanding solutions based on reuse alternatives. A possible solution is the production of artificial stones with elevated percentage of fine mineral wastes bound with either clay, cement or polymeric resin [4] [5] [6] [7] [8] [9] [10] . In additional to these experimental works, similar artificial stones as engineering composites using waste fragments incorporated into distinct matrices have been reported [11] [12] [13] [14] [15] [16] . Lee et al 11 recycled 55 % of granite fragments and 37 % of waste glass powder mixed with unsaturated polyester to fabricate artificial stone slabs with density of 2.445 g/cm 3 . Hamoush et al 12 manufactured an improved engineered artificial stone consisting of two layers, both using polyester matrix incorporated with waste particles. The face layer was made strong, durable, colored, and smooth or textured for natural beauty look. The back layer was lighter and impact resistant with low thermal conductivity for better insulation at lower cost. Santos et al 13 compared three types pf Portuguese commercially available engineered artificial stones with natural limestone and granite. The artificial stones were composites made with mineral compound particles in about 10 % polyester matrix. The results indicated that these artificial stones perform adequately in the temperature range from 20 of 200ºC and are strong competitors to natural stones. Sarabiyik et al 14 studied the effect of waste glass powder on polyester matrix composite, known as polymer concrete properties. They found significant increase in mechanical properties as compared to cement concrete for civil construction. ElBashir et al 15 characterized the technological properties of polymethylmethacrylate, PMMA, nanocomposites filled with waste stones of marble, granite and basalt for construction application in the marmoreal artificial stone industry. The main point of interest was the decorative effect of alabaster of this artificial stone with improved rigidity and abrasion resistance. Ribeiro et al 16 evaluated the microstructure and mechanical properties of a 10 % polyester matrix composite incorporated with waste marble fragments. This artificial marble presented a less dense microstructure but lower bending and compressive moduli. A density of about 2.3 g/cm 3 was reported for the artificial marble. As aforementioned [11] [12] [13] [14] [15] [16] , both polyester and PMMA matrix artificial stones can be produced with improved properties related to mechanical resistance as well as low water absorption and density. Indeed, the polymeric resin, while fluid, penetrates in between the mineral particles. This not only provides cohesion but also eliminates natural porosity, which always exist in natural rock particles. The consequent lower water absorption and improved mechanical resistance of an artificial stone, as a two-component composite material, makes it an ideal construction product for floors and pavements 11 . For artificial stone production, polyester has been the choice of a polymeric matrix 9, [11] [12] [13] [14] [15] [16] . However, a preliminary work 6 using sintering residue form steelmaking industry indicated a potential for using epoxy as polymeric matrix. In fact, epoxy has slightly higher strength and rigidity than polyester as well as comparative lower density and better ductility. This motivated the present investigation of an artificial stone using epoxy as a binder. The particular interest would be the special rheological properties of epoxy, which might provide improved wear resistance.
Based on the existing experience regarding artificial stones and the increase Brazilian production of ornamental stones 17 , the objective of this work was to develop novel artificial stones for heavy traffic pavements. These artificial stones are composed of high percentage of granite fine particles, as waste from a quarry, embedded in a small percentage of epoxy resin, enough to be the continuous matrix of a composite material.
Materials and Methods
The granite fine particles waste was collected as tail from a pebble separation process in the Itereré quarry located in the mountain region of Serra da Bela Vista, at 17 km from the city of Campos dos Goytacazes, north of state of Rio de Janeiro, Brazil. After collection, the waste was subjected to ball milling for further reduction in particle size. By means of dry sieving, the reduced waste was then separated into three granulometric classes, shown in Table 1 , according to the ABNT/NBR-7181 Brazilian standard 18 . The epoxy used as binding for the waste particles was a diglycidyl ether of bisphenol A (DGEBA) resin mixed with stoichiometric 13 parts per hundred of triethylene tetramine (TETA) supplied by Epoxyfiber, Brazil. The supplier indicated density of the epoxy as 1.15 g/cm 3 . Based on the three distinct granulometric classes presented in Table 1 , different mixtures of particles sizes were proposed.
The purpose of these 10 mixtures was to obtain the one with maximum dry density using the Simplex-Lattice design. A ternary diagram shown in Fig. 1 illustrates the experimental numeric modeling SIMPLEX network for the 10 different mixtures. Each vertice of the triangle in Fig. 1 corresponds to 100 %: rough (G), medium (M) or fine (F) particles. The other points in the triangle display (in parenthesis) the fractions corresponding to the mixtures. The density of each mixture was calculated according to the ABNT/MB-3388 Brazilian standard 19 . Artificial stone plates with dimensions of 100 x 100 x 10 mm were developed by combining the particle mixture in Fig. 1 , found with greatest density, with 10 or 15 wt % of DGEBA/TETA epoxy inside a steel mold. The mixture was done by hand-laying the waste particles and still fluid epoxy/hardener directly in the mold. A pressure of 10 MPa was applied to the lid of the mold during the curing process at room temperature for 2 hours. The plate was removed from the mold and subjected to post-cure inside an electrical stove at 60ºC for 5 hours.
From each of the quarry waste-added artificial stone with epoxy matrix, 6 prismatic specimens with dimensions of 25 x 100 x 10 mm were cut and 3 points bend tested in a model 5582 Instron machine as per AENOR EN-14617-2 Spanish standard 20 and according to the ABNT/NBR-15847 Brazilian standard 21 .
The apparent density and porosity as well as the water absorption of the developed artificial stones were evaluated according to the Brazilian standard 21 in 10 specimens obtained from each distinct plate. The determination of density, porosity and water absorption started with a sample being dried for moisture release in a Timer, Brazil, stove at 70ºC until constant mass. This dried sample was then weighted in a Marte, Brazil, scale with 0.01g of precision. Both the dried weight and that after immersion in water were used to evaluate the above-mentioned properties according to calculations and procedures given by the standard 21 . Table 1 . Granulometric classes used for the production of ornamental stones.
Civil Construction Denomination
Particle size (mm) Table 2 presents the weight and density of the dried particle mixtures indicated in Fig. 1 . In this table it is highlighted the mixture number 8, which displays both the greatest weight and density. Consequently, this mixture also has the highest granite particles close-packing. The mixture number 8, with 67 % rough, 16 % medium and 16 % fine particles was selected as the most close-packed in spite of different geometric shapes [19] [20] [21] [22] [23] [24] . This mixture was used as the filler for epoxy composites. Indeed, in the case of polymer composites with solid high modulus particulate fillers (rheology of highly concentrated polymer suspensions), the maximum amount of filler that can be physically incorporated into the epoxy matrix is governed, amongst other factors, by the most close-packed mixture of particles corresponding to the maximum volumetric packing fraction (MVPF) of the filler particles. This MVPF value, related to the spatial packing efficiency of the filler particles, corresponds to the minimum amount of matrix required to completely wet all particles surface and fill in all interstitial voids in a most close-packing aggregation of the filler particles. The value of MVPF of a given particulate filler will depend on the particles shape (aspect ratio), its size distribution and specific surface area. So, when the best closepacking aggregate of granite particles is used at 85 or 90 wt. % content in 15 or 10 wt. % of epoxy resin, relatively more fluid matrix is available to wet all granite particles surface and fill in all interstitial voids present in this aggregate of granite particles with epoxy resin system. Thus, this effect reflects directly in the apparent density, apparent porosity and water absorption values of the artificial stone, as shown in Table 3 . This table presents the apparent density, water absorption and apparent porosity for the developed artificial stones with 10 and 15% of epoxy as binding matrix for the mixture 8 (Fig 1 and Table 3 ) of quarry waste particles.
Results and Discussion
The results in Table 3 indicate that the physical properties of the developed artificial stones are favorable for civil construction applications. Indeed, the current commercial artificial stones possess apparent densities between 2.4 and 2.5 g/cm 3 16 . The artificial stones in the present work, Table 3 , are relatively lower, 2.25 and 2.35 g/cm 3 , which means lower transportation costs.
As for the water absorption, industrial artificial marbles are fabricated with 0.09 to 0.40 %, depending on vacuum application during processing 25 . The artificial stones developed in the present work were fabricated without vacuum for lower cost and easy processing. Nevertheless, Table 3 shows water absorption values of 0.25 and 0.35 that are within the aforementioned industrial range 25 . It is worth mentioning that Borsellino et al 26 found 0.25 % of water absorption, same for 85 % quarry waste in Table 3 , in an artificial stone with marble residues and epoxy.
In terms of apparent porosity, Chiodi Filho and Rodriguez 25 indicated that ornamental stones for high quality lining or facing in civil construction should have porosity below 0.54 %. In Table 3 one sees that the developed artificial stone with 85 % quarry waste, within the standard deviation, almost reach this value. In fact, by processing under vacuum the particle mixture with still fluid epoxy resin, the porosity might be reduced. Figure 2 shows typical flexural stress vs strain curves, obtained from 3 points bend tests, for both developed artificial stones and neat DGEBA/TETA epoxy. In this figure the artificial stone curves are, as expected, almost coincident with only slight difference between the rupture strength; 32 ± 2 MPa for 85% and 30 ± 1 for 90 % quarry waste/epoxy stones. On the other hand, the neat epoxy is much stronger with 94 ± 5 MPa of rupture stress. By contrast, the bend modulus for both stones, around 15 GPa, is significantly higher than that of the neat epoxy, around 2.2 GPa. Consequently, the strain Table 2 . Weight and density of the quarry waste particle mixtures.
Mixture Number in Fig 1
Weight at rupture of the artificial stones, around 0.2 % is much lower than that of around 3% for the neat epoxy. These significant differences in behavior can be attributed to the effect that a large number of hard quarry waste particles causes in a relatively small epoxy matrix. From one side the stiffness is controlled by the particles. On the other side the stress is limited by the premature failure due to cracks nucleated at the particle/epoxy interface. This will be further discussed. According to Chiodi Filho and Rodriguez 25 , ornamental stones used as lining and facing in civil construction are considered high resistant materials when the rupture stress exceeds 20 MPa, which is the present case. Lee et al 27 reported 46 MPa for the bend rupture stress of an artificial stone processed under vacuum. Table 4 presents the reduction in thickness caused by wear tests at two different specimens running distances, 500 and 1,000 m. The results in this table are very similar for both developed artificial stones. Nevertheless, the standards regarding this class of materials fail to indicate limits for related wear tests. Specific parameters for the use of artificial stones in pavements were proposed by Chiodi Filho and Rodriguez 25 regarding the reduction in thickness obtained from wear tests. According to these authors, pavements with low traffic should display a wear thickness reduction lower than 6 mm; for medium traffic lower than 3 mm; and for heavy traffic lower than 1.5 mm 25 . Taking into account these parameters, both developed artificial stones might be used even for high traffic pavements. Figure 3 shows SEM fractographs of bend tested specimens of both developed artificial stones. Despite the relatively small difference in amounts of quarry waste particles, some differences are worth mentioning. The presence of a sensibly greater number of small cavities in the artificial stone with 90% particles , Fig 3 (a) and (b), was detected. This justifies its comparatively higher water absorption and apparent porosity, as shown in Table 3 . Another relevant point in Fig. 3 is the existence of cracks associated with the particle/epoxy interface. These cracks are indicated by arrows and tend to promote interfacial debonding, which is responsible for the premature failure of the artificial stones as shown in Fig 2. 
Conclusions
• Artificial stones were successfully developed with 85 and 90 wt % of waste particles, from a granite quarry, bound with DGEBA/TETA epoxy as a composite matrix. • A mixture of 67 % of rough, 16 % medium and 16 % fine waste particles, with the most close-packed condition, allowed the development of relatively higher quality artificial stones, which comply with the industrial requirements for water absorption.
•
The flexural rupture stress of both developed artificial stones around 30 MPa, lower than that of the epoxy binder, is considered a satisfactory for a high resistant stone used as lining in civil construction.
The wear parameters revealed that both developed artificial stones could be used as pedestrian heavy traffic pavements.
• SEM fractographs disclosed a sensibly larger amount of small cavities in the 90 wt % waste added artificial stones. This is responsible for the comparatively higher water absorption and apparent porosity if compared with those values of the 85 wt % waste quarry artificial stone. • Cracks associated with particle/epoxy interface are proposed as the mechanism of premature failure of the developed artificial stones that still possess mechanical resistance adequate for specific applications in civil construction.
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